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Introduction
Non-extractive optical sensing of trace gases has been an important methodology in atmospheric sensing, where instruments like active and passive differential optical absorption spectroscopy (DOAS) are prominent techniques [1, 2] . Long physical pathlengths are required in DOAS and related methods for sensitive measurements; this optical configuration results in inherently low spatial resolution which may be problematic when gases have strong local sources or sinks [1, 2] . For aerosol extinction measurements, shorter single path transmission measurements have been used [3] . However, for highly reactive atmospheric species and those with strong local point sources, high spatial resolution is desirable.
Long effective optical pathlengths can be realized in a compact instrument using optical cavity-based methods like cavity ring-down spectroscopy (CRDS) [4] and cavity-enhanced absorption spectroscopy (CEAS) [5] . Both methods have been extensively used to monitor NO 3 and other species with high sensitivity and high temporal and spatial resolution [6] [7] [8] [9] . Significant modifications on CEAS have been based on new light sources such as broadband emitters [10] , supercontinuum lasers [11] , and frequency combs [12] [13] [14] [15] , the implementation of advanced detection schemes and off-cavity alignment [16] [17] [18] [19] [20] [21] [22] .
Extractive sampling is the usual approach used with optical cavity methods. However, sampling effects can be problematic because reactive gases may be lost to tubing and sample cell surfaces. These losses must be quantified for accurate concentration retrieval [8, 23] . Such sample modification can be avoided by direct, open path probing of the atmosphere.
There have been few field studies using optical cavities in an openpath configuration, that is, where the optical cavity passes through the open atmosphere [24] . In contrast, the open path configuration has been successfully combined with incoherent broadband cavityenhanced absorption spectroscopy (IBBCEAS) across numerous atmospheric simulation chambers in studies of trace gases and aerosols [25] [26] [27] . Combining broadband optical cavity spectroscopy with an open path configuration allows in-situ detection of the target species in the sample. In 2012 Wu et al. reported the IBBCEAS based instrument for simultaneous detection of HONO and NO 2 in an open path configuration in a controlled air conditioned laboratory without heavy aerosol loading [28] .
In this study, we demonstrate an open path IBBCEAS based instrumentation for simultaneous measurements of the nitrate radical, NO 3 , and aerosol extinction in a polluted urban location in continental China. NO 3 is the dominant nocturnal oxidant and has been a target of interest for several decades [29] [30] [31] [32] [33] [34] . It occurs at low mixing ratios in the troposphere (usually at pptv levels) and exhibits strong temporal and spatial variability owing to its high reactivity and short lifetime [25, 33, [35] [36] [37] . NO 3 reacts with unsaturated organic species to form compounds such as organic nitrates [38] ; its reservoir compound, N 2 O 5 , is an important intermediary in the formation of HNO 3 and has been found to produce photolabile chlorine compounds by reacting with particulate chloride [39] . Field measurements of NO 3 and N 2 O 5 have been extensively conducted in both the USA and Europe [9, 40, 41] . However, observations in China are sparse and mainly limited to Hong Kong, Shanghai, and the North China Plain [42] [43] [44] [45] [46] even though satellite observations show that China is a major high NOx region worldwide [46] . In 2016 portable extractive IBBCEAS based instruments were used for field observation of NO 3 and N 2 O 5 in Beijing, China [47] .
In this study we present the field deployment of an IBBCEAS system with an open-path configuration where NO 3 was observed and aerosol extinction measured simultaneously. Measurements were made at the Wangdu supersite about 200 km southwest of Beijing, China, under conditions of high aerosol loading and high relative humidity. Measurements were part of the CAREBeijing-NCP 2014 Campaign, whose objectives included studying the mechanisms for the production, cycling, and sinks of HOx radicals [48] .
Experimental

Campaign Description
The instrument was located at the Wangdu Supersite, an agricultural location 6 km south east of Wangdu town, Hebei Province (38.7044 N, 115 .14 E). The supersite included a wide variety of atmospheric measurement instruments during the one month CAREBeijing-NCP 2014 campaign (7 June-8 July 2014) [48, 49] . Wangdu lies in the North China Plain (NCP), a region housing the megacities Beijing and Tianjin, which experiences some of the highest levels of air pollution globally. The NCP is characterized by high NOx air masses that often overlap with high aerosol loadings from both secondary formation and natural sources (e.g. dust from the Gobi Desert in the spring) and serve as an ideal air mass for samples in the study of NO X chemistry. The site was chosen because it was not directly influenced by anthropogenic emissions or outflow from a megacity, but was expected to observe regionally transported pollution [49] . The surrounding vegetation comprised mainly wheat and willow. The closest major road was 2 km away and there was minimal car and truck traffic in the immediate vicinity [48] . The open path IBBCEAS system was set up on the roof of a building nearby the supersite containers; the instrument was approximately 17 m above ground level. OP-IBBCEAS measurements took place from 28 to 30 June 2014.
Open-Path IBBCEAS
The OP-IBBCEAS instrument is depicted in Fig. 1 . A deviation from the conventional CEAS configuration is that the mirrors forming the cavity were placed on separated platforms. One platform housed the transmitter unit comprising the light source (150 W Xe arc lamp), collimating optics, beam steering mirrors (M1, M2), and RG630 long pass optical filter (CF1). The unit also included the entrance cavity mirror. The second platform housed the receiver unit and the second cavity mirror, along with an Andover 650FS80-50 bandpass filter (CF2), Thorlabs 700 nm short pass filter (CF3), focusing optics (mirror M3 and lens L1), and spectrometer (Ocean Optics QEPB0685 TE cooled CCD array). Both the transmitter and receiver units were bolted to heavy metal blocks to ensure mechanical and optical stability. A He-Ne laser housed in the transmitter unit was used to position the The spectrometer wavelength was calibrated using neon atomic emission lines from a neon pen ray lamp. The spectral resolution of the instrument was~0.47 nm based on the measured width of a He-Ne laser line at 632.8 nm. To measure the reference intensity, I 0 , a clean, dry atmosphere was introduced in the optical cavity by enclosing it in a 10-cm diameter polyvinyl chloride (PVC) pipe and flushing it with N 2 . This procedure was carried out every evening before commencing open path measurements. Broadband optical cavity spectra were acquired between 620 nm and 700 nm, which are well within the high mirror reflectivity range specified by the manufacturer.
The calibration of the instrument amounts to determining the effective reflectivity (R) of the mirror pair constituting the cavity. We calibrated the instrument using the procedure described in ref. [24] , in which a low-loss optical window (with a known pre-calibrated loss spectrum) was inserted into the cavity and its transmission spectrum was recorded. This took place immediately following the I 0 reference measurement. Light in the open cavity was absorbed and scattered by atmospheric particles and air molecules once the pipe that introduced nitrogen into the sampling volume was removed. The light intensity I through the open cavity was measured and extinction coefficient spectra were calculated using the IBBCEAS equation: [10, 24, 50] . where the number of molecules (of an absorbing species) present in the sample of length d is n. The n i and σ i are the number density and absorption cross-section of i th molecule species, I 0 is the reference cavity transmission signal (when N 2 gas filled the cavity), I is the sample cavity transmission signal and R is the effective mirror reflectivity. Spectra were acquired every 60 s and averaged for 10 min prior to analysis. A program developed in LabVIEW environment controlled the data collection and spectral analyses were carried out using an embedded MATLAB program. The NO 3 concentration was retrieved by fitting each spectrum with cross-sections of NO 3 , NO 2 , and water vapor. The literature NO 3 cross-section spectrum [51] , convolved to the instrument resolution and the 658-668 nm spectral window, was used for retrieving NO 3 concentration. Aerosol and other broadband extinction features were accounted for by a polynomial baseline. A singular value decomposition analysis (SVD) based linear least square fit approach [24] was used as fitting routine.
The mirror reflectivity was calibrated by inserting a pre-calibrated low-loss (anti-reflection coated) optic into the cavity after the reference spectrum was recorded and in a stream of N 2 . Thereafter the pipe enclosing the optical cavity was removed and monitoring of ambient air commenced. Reference, measurement, and calibration intensity spectra are shown in Fig. 2 . Also visible in the spectrum is the forbidden B-band of O 2 around 687 nm (inset, Fig. 2 ). Measuring this weak line is an indicator of the instrument's high sensitivity.
The effective reflectivity of the mirror pairs forming the cavity between transmitter and receiver boxes was calculated from spectra transmitted by low-loss optic window. The average effective reflectivity spectrum with standard deviations from all three days of measurements is shown in Fig. 3 .
The effective optical path length d(1 − R) −1 in a clean atmosphere was about 6.5 km with R~0.9990 at 660 nm. However, aerosol light scattering greatly reduces this effective path length, which is seen as an increase in the baseline of the extinction spectrum. High aerosol loading thereby limits the sensitivity obtained by the optical cavity in OP configuration.
Results and Discussion
Analysis of Spectra
Intensity spectra were collected over the three consecutive nights during which the instrument was operational. Typical extinction spectra for each night when measurable NO 3 absorption was present are shown in panel (a) of Figs. 4-6. The spectra are dominated by water absorption and aerosol extinction and the NO 3 absorption features are not obvious. This is typical for small signal retrievals, for instance in DOAS spectra.
Moderate resolution spectrographs such as ours do not resolve the water absorption lines and give rise to apparent deviations from Beer-Lambert behavior. Previous open-path measurements have observed similar effects arising from water absorption in this spectral region [24, 52] . To retrieve accurate NO 3 concentrations, absorption by water vapor must therefore be accounted for in the spectral fits. We used the water absorption cross-section spectrum from the HITRAN 2004 database [53] and convolved it to our instrument resolution. This approach essentially ignores apparent deviations from Beer-Lambert behavior. To study the influence of non-linear water absorption, we used ten different concentration-dependent water absorption crosssections (synthetically generated and convolved to the instrument resolution) and re-analyzed the one spectrum with high NO 3 concentration on each night. These synthetic water cross-sections were generated at high resolution for low to high water concentrations (corresponding to~2% to~70% RH range at 23°C). The spectral fitting (and retrieved NO 3 concentrations) did not change appreciably with concentration-dependent water absorption cross sections. We attribute the minor influence of non-linear water absorption to the high aerosol extinction in the polluted Wangdu atmosphere, which reduces the effective optical pathlength and thus the nonlinear effects of stronger absorption lines.
The OP-IBBCEAS extinction spectrum was fitted to the sum of a baseline polynomial of third order as well as number concentrations of water vapor, NO 3 and NO 2 . Representative extinction coefficient spectra corresponding to times when higher NO 3 concentration values were retrieved for each night, after removing water absorption and a polynomial baseline are shown in panel (b) in Figs. 4-6. The fit residual below each panel indicates that the water absorption has been largely accounted for.
The fit uncertainty in the retrieved concentrations increased in the presence of high aerosol extinction, which reduced the effective path length and decreased the observed NO 3 absorption. The fit uncertainty (taking covariance into account) in the NO 3 mixing ratio was typically about 40 pptv during the measurements, which is indicative of the sensitivity of the instrument under the high aerosol loadings present in the North China Plain. Fig. 7 shows the time series of NO 3 concentrations retrieved for all three nights.
The errors from the fits indicated a minimum detectable concentration of~40 pptv throughout the operational days in the campaign. On all three nights NO 3 was detected at quite high levels with a highest value of about 175 pptv observed at 3 a.m. on 29th of June. The sun rises soon after 4:20 a.m. at this latitude during summer, so measurements made after this time are not as reliable because stray light influenced the spectra. Nevertheless, NO 3 concentrations were observed to drop sharply after sunrise on 29 June, as expected from its fast photodissociation in sunlight.
Aerosol Extinction
Aerosol extinction was retrieved based on its effect on the measured O 2 B-band absorption in the optical cavity; it was quantified using the formula developed by Varma et al. [24, 54] :
where ΔI A = I B − I. Here I B is the transmitted intensity when only spectrally broad and unstructured background extinction is present, and I is the transmitted intensity with the presence of both broad background extinction and structured sample absorption. α B is the oxygen absorption coefficient and ε B is the aerosol optical depth or extinction corresponding to the O 2 B band wavelength. In the previous studies [24] , α B was calculated using a scaling factor obtained from I 0 measurements with dry air in which O 2 is a major component. [24] . In the present study the spectral resolution of detection system was~0.47 nm. The scaling factor for absorption coefficient reported in Varma et al. 2009 [24] to the new resolution of 0.47 nm is same as the ratio of convoluted cross-sections of O 2 in corresponding detection resolution (0.47 nm and 0.6 nm) by assuming same number density of O 2 . The scaling factor calculated was~1.07 and the new α B generated using this scaling factor was~5.6 × 10 −7 cm −1 . We used this as our new α B and retrieved the aerosol extinction following the method reported by Varma et al. (2009) . This assumption would at best introduce a multiplicative factor close to unity, but the overall time series of retrieved aerosol extinction would retain the actual trend. The aerosol extinction was retrieved for all three days when NO 3 measurements were made and shown in Fig. 8 . The aerosol extinction at 687 nm was found to fall in the range of 80-250 Mm −1 and is consistent with typical extinctions in this environment [55] .
Conclusions
The OP-IBBCEAS technique that has been reliably used in simulation chamber measurements as well as in extractive mode laboratory monitoring has been successfully applied in real-time in situ monitoring of the tropospheric NO 3 during three nights at the Wangdu supersite of the CAREBEIJING-NCP 2014 campaign. The instrument operation was stable for the entire duration of observations and the optical alignment was not affected by the occasional winds or weather. The instrument detected moderately high levels of NO 3 on all three nights of operation, with a maximum value of~175 pptv on June 30th with a corresponding uncertainty of 36 pptv. The retrieved aerosol optical depth was in the range of 80-250 Mm −1 at 687 nm when the instrument was not interrupted by rain. This experiment demonstrates the feasibility of the open path IBBCEAS configuration for continuous and long-term observations of trace pollutant NO 3 (and other trace gases) with high spatial and temporal resolution.
Potential non-linear absorption by water vapor did not influence the fit results, which likely shows that the instrument sensitivity was limited by the high level of aerosol loading. Under conditions of high atmospheric extinction, whether from high aerosol loading or precipitation, the performance of the open path approach is reduced because the effective optical pathlength is noticeably shorter. Increasing the mirror reflectivity or increasing the mirror separation in the cavity under these conditions would not appreciably increase the system's sensitivity because high atmospheric extinction limits the attainable effective pathlength. While the OP-IBBCEAS approach differs from CRDS in its ability to retrieve aerosol extinction and trace gas concentrations simultaneously, high aerosol loadings reduce the instrument sensitivity to trace gas absorption. We have shown that the OP-IBBCEAS works well in the NCP region under high aerosol loading conditions to monitor NO 3 concentration with good sensitivity. This method would generally be more sensitive under cleaner conditions elsewhere.
